We report a comparative study o f wurtzite GaN epilayers prepared by M etal Organic Chemical Vapor Deposition on 4H-SiC substrates o f orientation vicinal to the (0001) (m isorientation 0°, 3.4°, and 8°). Structural analysis using X -ray diffraction, defect-selective etching methods, and (High Resolution-) Transm ission Electron M icroscopy provides direct evidence for a higher num ber o f defects in GaN epilayers grown on the 8° misoriented substrate compared to the 3.4° and 0° m isoriented substrates. We found strong differences in morphology o f the GaN epilayers and in type and density o f the defects formed during growth on both vicinal and nominally exact oriented SiC substrates. The formation o f clus ters o f defects and the non-uniform distribution o f strain, resulting in preferential cracking o f the GaN films along the [1120] direction, are both results o f grow th on m isoriented substrates. Based on experi mental results, the growth mechanism is discussed and a model explaining the defect formation is pro posed.
Introduction
Group III nitride semiconductors are intensively investigated because of their favourable intrinsic proper ties for both electronic (high power, high frequency, high temperature) and optical devices. However, the absence of commercially available bulk nitride substrates implies the use of heteroepitaxial growth with host substrates having in general significantly smaller lattice parameters. The use of complex fabrication processes is then necessary to obtain good film quality. Two substrates are most often used, i.e. sapphire and SiC, of which silicon carbide (SiC) has the smallest lattice mismatch to GaN (~ 3.8%). Moreover, the high thermal conductivity and the availability of conducting as well as semi-insulating substrates makes SiC attractive for the realization of both transistors [1] and optoelectronic devices [2] . To increase the efficiency of these devices, a great deal of effort is being invested in the growth of high quality epitaxial layers. As a consequence, studies of AlN and GaN growth mechanisms on SiC gained increasing interest Editor's Choice phys. stat. sol. (a) 204, No. 12 (2007) 4231 over the last few years [3, 4] . In Molecular Beam Epitaxy (MBE) growth of GaN epilayers, the use of a vicinal SiC substrate under optimized step-flow growth conditions has been a popular strategy to reduce the density of threading screw dislocation [5] . In the case of homoepitaxy of SiC by Chemical Vapor Deposition (CVD), the use of off-oriented instead of exact-oriented SiC substrates resulted in an im proved surface smoothness [6] . Along these views, we discuss in this work the possibility of using (0001)-misoriented 4H-SiC substrates for the growth of GaN layers by Metal Organic Chemical Vapor Deposition (MOCVD). We report strong differences in GaN morphology and in type and density of defects formed during growth on both vicinal and nominally exact oriented SiC substrates, and we dis cuss the structural properties of the layers.
Experimental
The GaN epilayers were deposited on quarters of 4H-SIC wafers in the MOCVD reactor. In the MOCVD process trimethylgallium (TMG), trimethylaluminium (TMA), and ammonia (NH3) were used as precur sors and H2 as the carrier gas. A 120 nm thick AlGaN nucleation layer with a low Al content (s 1 at%) [7] was grown at identical conditions as the GaN layer, being 1170 °C at 50 mbar pressure. The growth time was set to obtain about 1.8 (im GaN for the layers discussed in this paper. Three sets of 4H-SiC substrates were used, namely on-axis, 3.4° and 8° misoriented in the [1120] direction. Samples #1, #2, #3 were grown at the same growth run. Some dedicated samples were grown with a thickness of only 0.75 im in order to obtain crack-free samples. To check the structural quality of all epilayers, the sam ples have been examined by X-ray rocking curve mode using a Bruker D8 Discovery X-ray diffractome ter with a Cu target (X = 1.54060 A) and a 4-bounce monochromator Ge (022). From all samples, small pieces were cut to perform defect-selective etching using molten eutectic mixture of KOH-NaOH (E) with 10% of MgO powder (E + M) [8] . Additionally, some samples were also subjected to photo-etching in a stirred KOH solution (0.004 molar) at room temperature using UV illumination provided by a 450 W Xe lamp. A 100 nm thick Ti layer was used to assure photocurrent conduction [9] . In this way the defect density and distribution over the wafer was revealed. The surface morphology before and after (E + M) and photo-etching was examined using Differential Interference Contrast (DIC) optical micros copy, Scanning Electron Microscopy (SEM), and Atomic Force Microscopy (AFM, Digital Instrument Nanoscope Dimension 3100 SPM). Cross-sectional structural characterizations were performed using high-resolution (HR) and conventional Transmission Electron Microscopy (TEM) using a JEM 3010 (300 kV) Jeol microscope equipped with a Gatan SS CCD camera. Cross-sectional, electron transparent foils were prepared by Ar-ion milling using a Gatan Precision Ion Polishing System (PIPS).
Results and discussion

Observations
Examination of the morphology of samples using DIC optical microscopy, AFM, and SEM revealed that crack-free GaN epilayers of 1.8 (xm thickness can be grown only on the on-axis substrates using the described growth conditions and a HT-AlGaN nucleation layer. In the case of the misoriented substrates, cracks are always visible over the whole surface but are of different density and distribution depending on the degree of misorientation. [10] . No overgrown cracks can be found on the epilayers, therefore it must be concluded that these cracks are formed during cooling down due to thermal expansion coefficient differences between GaN and SiC. Apart from the increased density of cracks, the epilayers grown on misoriented substrates (8° and 3.4° off-axis samples) show also an increased dislocation density as was observed by TEM. Figure 1 shows cross sectional TEM images with a projection close to the [1120] orientation with a slight tilt in order to www.pss-a.com achieve a two-beam condition which enhances the contrast between stacking faults (SF) and dislocations. Due to the low Al fraction in the AlGaN nucleation layer (1 -2%) and the high number of defects at the GaN/AlGaN interface, it was not possible to distinguish the AlGaN nucleation layer on the presented TEM images. Basal plane stacking faults (BPSF), prismatic stacking faults, and dislocations are visible in all samples. However, many of these defects are terminated at a certain depth in the GaN layer grown on the on-axis substrate ( Fig. 1a ) while extended arrangements of basal plain and prismatic stacking faults and dislocations (threading and stair-rod dislocations) were found throughout the whole GaN film grown on off-axis samples, even in the upper part of the layer. High numbers of basal and prismatic stacking faults are visible, especially in 8° off-axis material (Fig. 1c) . Additionally, c-GaN inclusions were found in the 8° misoriented layer as colonies of triangular pyra mids with the tip of triangle towards the SiC substrate (Fig. 2) . The presence of c-GaN inclusions were confirmed by micro-Raman spectroscopy [11] . The size of c-GaN inclusions is in the range 2-16 nm with an average lateral diameter near 5 nm.
A high resolution cross-sectional TEM image of a c-GaN inclusion embedded in the h-GaN epilayer is shown in Fig. 3 . The flat interface of c-GaN inclusion is parallel to the basal plane of the h-GaN ma trix. Inside the inclusion the symmetry of the structure is different from the surrounding matrix and a change in the stacking sequence of planes is visible. Instead of the ABAB stacking sequence, character istic of hexagonal GaN, we can find the typical cubic phase ABCABC stacking sequence of atomic planes. Many groups reported the existence of cubic inclusions which has its origin in the low temperature nucleation layer or near the interface between the nucleation layer and the epitaxial layer [12] [13] [14] .
In contrary, we have observed colonies of c-GaN inclusions across the whole GaN epilayer. Further more, it was observed that the surrounding area of the colonies of c-GaN inclusions has a reduced num ber of defects such as threading dislocation and stacking faults, which might suggest a local relaxation of h-GaN. The reason for the c-GaN formation is not entirely clear at present. The V/III ratio [15, 16] , growth temperature [17] , and substrate treatment [18] are factors which have often been discussed in the literature as a requirement for the stabilization of cubic GaN. Xie et al. [19] observed anisotropic growth behavior of GaN (0001) thin films by changing the growth temperature. Lowering the temperature changed the growth mode from step-flow to two-dimensional nucleation which resulted in a mixture of hexagonal and cubic oriented islands [19] . In our case identical growth conditions have been used, there fore it is obvious that the appearance of cubic GaN inclusions can not be assigned to difference in the growth conditions. However, directional step growth on vicinal substrates and continuation of the stack ing order of atoms from the substrate can explain formation of SF and cubic inclusions. This fact can only explain existence of c-GaN in the area close to the SiC substrate but not the presence of these de fects across the whole GaN layer. Nevertheless it is possible that BPSF formed in GaN grown on vicinal substrates ( Fig. 1) carry information of the different order of atoms to the upper parts of GaN film and locally builds up the c-GaN inclusions. However, we could not find any explanation why and where BPSF could be transformed locally to c-GaN. 
Defect distribution
To confirm the conclusions regarding the dislocation density in the different samples as was observed by TEM, X-ray rocking curve measurements were performed. In GaN layers, screw dislocations result in a tilt of lattice planes which can be detected by rocking curve measurements using symmetrical X-ray reflections (although it is not the only cause of broadening of the peak). On the other hand, edge-type dislocations introduce a twist of the in-plain lattice. To have access to this information, it is useful to perform ©-scans of a-symmetrical reflections. The full width at half maximum (FWHM) does not di rectly correspond to the twist [20] , but a comparison between the samples is a good indication of their quality. X-ray rocking curve measurements on these samples, which were previously reported [10] , showed that the structural quality of the GaN epilayer is worse for larger miscut angles. In particular, the FWHM of the asymmetric (1015) peak increased significantly. Additional X-ray rocking curve meas urements, both from symmetric and asymmetric planes, were performed using two different directions of the incoming X-ray beam ([1120] and [1100 ]). The results are presented in Table 1 . The samples #1, #2, and #3 were, as mentioned, grown under identical conditions. They show very clearly a strongly in creased FWHM for the misoriented samples. For off-axis samples (#2, #3 and #4), significant differences between the FWHM of the same (0002) plane but measured from two different beam directions, [ 1120], and [1 100] are observed, which can be an indication of: (1) a non uniform distribution of strain, and/or (2) a non uniform defect distribution, and also (3) the presence of different types and orientations of defects in the GaN films when compared to samples grown on the exact oriented substrates.
In the following part of the paper several experiments are described to elucidate if a non-uniform distribu tion of defects or the presence of different type of defects may be the origin for the observed X-ray results.
In order to check if the defect distribution is non uniform and to look for the presence of different types and orientations of defects in the GaN films, defect selective etching was performed and afterwards the samples were examined using SEM and tapping mode AFM. Selective etching of the GaN layer grown on the exact oriented substrate ( Fig. 4a and b ) yielded patterns of hexagonal pits, occurring in three grades of size representing the presence of edge, screw, and mixed dislocations. The small asym metry in the shape of the etch pits formed on layers grown on the 3.4° misoriented substrate ( Fig. 4c and  d) reflects the difference between the direction of the dislocations line and the misorientation. Most of the typical threading dislocations created in the GaN layer during growth are in the [0001] direction. Therefore these defects will not be perpendicular to the GaN surface in layers grown on mis-cut sub strates. Following this reasoning it is expected that when the misorientation of the substrate increases the tilt of the threading dislocations vs. the etched surface also increases and thus enlarges the asymmetry of the hexagonal pits. However, for the substrate with the 8° misorientation so-called arrow-like pits were formed instead of the hexagonal shape pits ( Fig. 4e and f) .
This unexpected form of the pits on the 8° misoriented sample is accompanied by a low apparent dislocation density. The dislocation densities for 8° off-axis, 3.4° off-axis, and on-axis samples, deduced from 4 x 5 p.m2 SEM images, reported before [10] were 6 x 108 (based on the assumption that one arrow- like pit represents one dislocation), 9 x 108, and 2 x 109 cm 2, respectively. This is inconsistent with the conclusions drawn from X-ray and cross-sectional TEM measurements. Photo-etching can be employed to reveal extended structural defects in n-type GaN films [9] , and may therefore give insight in the formation of the arrow-like pits and explain the low dislocation density in the GaN layers grown on 8° misoriented substrates. Photo-etching of the crack free samples with 0° and 8° off-orientation was performed to be able to elucidate the influence of the misorientation on the defect formation. We expected that the dislocations, which were revealed after (E + M) etching as arrow-like pits, consisted of a number of threading dislocations which PEC etching can resolve. Photo-etching of www.pss-a.com the exact oriented sample (Fig. 5a ) reveals the dislocations in the form of whiskers, the density (2.5 x 109 cm 2) of which is a direct measure of the density of dislocations in the GaN epitaxial layers as was demonstrated by calibration of the etch features with cross-sectiona [19, 21] and plan-view [22] transmission electron microscopy. However, the GaN layer deposited on the 8° off-orientated substrate shows elongated features instead of whiskers ( Fig. 5b and c) . During photo-etching GaN does not etch when it is depleted of holes due to recombination at defects [23] . This implies that the elongated struc tures, visible in Fig. 5b and c, consist of material which contains a lot of recombination centers for the holes that are created by UV light. Due to the facts that these structures are only visible in etched GaN layers grown on the 8° misoriented substrates and that their orientation exactly match the orientation of the arrow-like pits, which are revealed after defect selective etching using molten (E + M) ( Fig. 6a) , it is suggests that we are dealing with the same type of defects. A larger magnification of the elongated fea tures reveals that they consist of a high number of very closely spaced columnar defects (Fig. 5c ). Clearly these are rows of threading edge dislocations, which could not be identified after defect selective etching using molten (E + M) because of overlapping of the small etch pits. The assumption that the elongated defects consists of mainly threading edge dislocations was supported by a molten (E + M) etching experiment in conditions which revealed only screw type dislocations. The activation energy for the formation of pits on edge dislocations is larger than that for dislocations with a screw component [24] . Therefore, at lower etching temperature (240 °C) only dislocations with a screw component are revealed. Etching at 240 °C ( Fig. 6b and d) instead of 400 °C (Fig. 6a, and c) resulted in a considerably lower number of etch pits for both 8° off-cut and on-axis grown samples. This leads to the conclusion that most of the arrow-like pits are formed on edge dislocations. The assumption that one arrow-like pit represents one dislocation as was proposed in our previous paper [10] was incorrect; the number of defects calcu lated as 6 x 108 cm 2 will be two orders of magnitude higher, approximately 3 x 1010 cm 2. Therefore, as expected and shown in the presented TEM experiments, the dislocation density for the 8° off-axis sample is higher compared to 3.4° and 0° oriented samples. From these results it can be concluded that the formation of the arrow-like pits in the 8° misoriented samples can be a cause for the observed X-ray results.
Formation of arrow-like defects
In Fig. 7 a model is proposed which explain the formation of walls of edge-type dislocations. The surface of the SiC substrates consists of (0001) flat terraces and steps. On the exact-oriented (0001) faces, epi taxial growth initially takes place on the terraces, because the surface step density is low and the terraces are sufficiently vast compared with the migration length of atoms on the surface [25] . On the misoriented substrates in the [1120] direction, micro-steps are induced on the surface and they are perpendicular to [1120] direction (or, aligned along [1100] direction), see Fig. 7a . The micro-step height is expected to be of a monolayer height of 4H-SiC (0.25 nm). Therefore, the calculated length of the terraces for 8o-off substrates is around 1.8 nm for the steps. If the steps are a multiple of a monolayer height, the terrace length increases. Since the step density is high and the terraces are not very long, incorporation of atoms at step edges dominates and nucleation centers on the terraces are greatly suppressed so lateral growth (step flow growth) from the steps takes place (Fig. 7b ). In this case, the growth direction is determined by the presence of well ordered steps. Due to the orientation mismatch at the grain boundaries between the different AlGaN nuclei, edge dislocations are formed like it is schematically presented in Fig. 7c. www.pss-a.com During GaN growth these defects propagate into GaN film. The misfit between the nucleuses orientation is about 1.8°, which was calculated from the average distance between the dislocations (~ 20 nm) form ing elongated features (Fig. 5c ), using the formula given by D. Hull and D. J. Bacon [26] .
It was already mentioned that, on the on-axis SiC the steps are more random, less dense and terraces length is larger when compared to the 8° off-axis substrates. Therefore nucleation on on-axis substrates is random and due to the fact that the growth direction is not determined by the step orientation, the lat eral growth is faster. This can explain growth rate difference which was found to be 1.8 p.m/h and 1.65 p.m/h as measured for on axis and off-axis samples, respectively (grown in the same growth run).
On 8° off-cut substrates, the lateral growth is initiated on the steps, inheriting the stacking order of atoms from the substrate. In the case of homoepitaxial growth (SiC on SiC), high quality and very smooth layers were observed [27] . However, during heteroepitaxy the step height is determined by the SiC substrate and not by the GaN layer and the step height does not correspond to the unit cell of GaN. One monolayer of GaN is 2.59 A in contrast to 2.51 A of 4H-SiC (cGaN = 5.185 A, cSiC = 10.05 A). As a consequence, not only for the a-plane but also in c-direction the large lattice mismatch of GaN and AlGaN to the substrate have to be considered, and therefore a higher number of defects are expected to be created. Recent structural characterization shows that the stacking faults and stacking mismatch boundaries (SMB) defects in GaN epilayers really originate from the steps on sapphire and SiC surfaces [28] . Misfit in c-direction between AlGaN and SiC is a driving force for the formation of BPSFs, which were revealed by TEM (Fig. 1) . It is important to point out that in the 8° misoriented sample, the BPSFs are not parallel to the surface of the sample. The orientation of the BPSFs j s not visible on the TEM images because the cross-section of the specimens has been cut along the (1120) plane. The main reason for preparing the thin foil in this orientation was to prevent the destruction of the specimens because of the cracks along the [1120] direction. For this reason, additional SEM inspections have been performed on each of the samples after defect selective etching. Only on the 8° misoriented sample the BPSFs have reached the GaN surface, as shown in Fig. 8 .
Crack formation
The formation of cracks can be explained by the presence of non uniformly distributed strain. Recently, Huang et al. [29] found that unpaired geometrical partial misfit dislocations (GPMDs) are formed along the step of the AlN/6H-SiC interface to improve the stacking sequence between 2H and 6H structures for misoriented substrates. This strain relaxation mechanism must be present at the AlGaN/SiC interface with a 2H/4H stacking structure in this case. For this system, the proportion of steps corresponding to GPMDs is 1/2 [29] since the number of cubic sites is 1/2 in the ABAC stacking sequence (one cubic site is defined as the B bilayer in the ABC sequence and one hexagonal site is defined as the B layer in the ABA sequence). This mechanism takes place during the step-flow growth, giving GPMDs lines along [1100] axis and so, relaxing the [1120] strains. Huang et al. [29] , on the basis of geometrical considera tions (miscut angle and stacking sequence), argue that the number of GPMDs can be controlled, relaxing the [1120] strains. This explains the difference between the the 3.4° and 8° misoriented samples. During the growth and prior to cooling, more GPMDs are formed along the [1100 ] axis in samples grown on_ 8o misoriented substrates than in samples grown on 3.4° misoriented ones, limiting more efficiently the [1120] strain. Then, during cooling down after growth, the thermal expansion coefficient difference between GaN and SiC puts the GaN epilayer under tensile in-plane strain, creating some cracks [30] . So, during cooling down, the thermal expansion coefficient difference induces a high tensile strain along the_[1100 ] direction for the two miscut angles. This would also explain the formation of cracks along the [1120] direction per pendicular to the [1100 ] direction. The [1120] strain could be highly relaxed by the GPMDs for the 8° misoriented samples and not so much for 3.4° misoriented samples, explaining the formation of additional cracks in the [2 110 ] and [1210] directions (not perpendicular to the [1100 ] axis) for this sample.
To summarize, for the off-cut samples (3.4° and 8°), the strain relaxation seems to be mainly governed by two successive steps: _ _ (i) Creation of the edge dislocation walls along the [1120] axis, GPMDs along the [1100] axis [29] , basal plane stacking faults, prismatic stacking faults, and stair rod dislocations [31] during the step-flow growth due to the misorientation of the _substrate. __ _ _ (ii) Creation of cracks along the [1120] direction (and also along [2110] and [ 12 10] for the samples 3.4° misoriented) during the cooling process due to the difference of the thermal expansion coefficients and in particular directions to minimize the residual stress.
Conclusions
Variations in quality of the GaN layer have been demonstrated when grown on differently oriented 4H-SiC substrates. Similar defects including stacking faults on basal and prismatic planes, complexes of extended stacking faults, and dislocations (threading and stair-rod dislocations) were found for all sam ples. The density of these defects increases with the substrate miscut.
Elongated defects and colonies of c-GaN inclusions were found only in the samples grown on 8o off cut substrates. Unusual formation of the high number of tightly packed rows of dislocations induces not www.pss-a.com uniform relaxation of the material; therefore only [1120] directed cracks are created during cooling down the GaN film after growth.
The mechanism of the formation of these defects is not fully understood yet, nevertheless it is sug gested that difference in the growth mechanism of GaN due to substrate misorientation is responsible for this effect. We presented tentative model which explains formation of rows of threading edge disloca tions and directional cracking.
